We show an algorithm to construct a rain-gaugebased analysis of daily precipitation for the Middle East. One of the key points of our algorithm is to construct an accurate distribution of climatology. One possible advantage of this product is to validate high-resolution climate models and/or to diagnose the impact of climate changes on local hydrological resources. Many users are familiar with a monthly precipitation dataset (New et al., 1999 ) and a satellite-based daily precipitation dataset (Huffman et al., 2001 ), yet our data set, unlike theirs, clearly shows the effect of orography on daily precipitation and other extreme events, especially over the Fertile Crescent region. Currently the Middle-East precipitation analysis product is consisting of a 25-year data set for 1979-2003 based on more than 1300 stations.
Introduction
The distribution of precipitation is important for water management especially for the arid/semi-arid regions. Quantitative estimate of precipitation is critical in understanding the hydrological balance and for improving climate forecast models.
Recent climatological models project that the East Mediterranean/Mid-East will have less rainfall and lower river discharge owing to global warming (Milly et al., 2005; Nohara et al., 2006 , Kitoh et al., 2008 . Many attempts have been made to estimate the impact of global warming on hydrological resources and agricultural production systems over these regions (Kimura, 2005 , Alpert et al., 2006 ) Climate model resolution is improving, with the ultimate goal being to project the impact of global warming on local environments.
Correspondence to: A. Yatagai (akiyo@chikyu.ac.jp) However, reliable interpretation of the impact of global warming on local environments hinges on the availability of a high-resolution precipitation data set to use as a validation tool. In addition, accurate simulations of the frequency of extreme events are in great demand, also warranting a daily precipitation data set. A recent study (Alpert et al., 2002) of rainfall trends in the Mediterranean basin has shown a seemingly paradoxical increase in extreme rainfall events, despite a decrease in the total amount of rainfall. Therefore, quantitative estimates based on observed daily precipitation values and their time-space variability are essential for assessing the impacts of global warming on local hydrological resources.
In spite of their importance, current observed precipitation patterns, especially over the Middle East region, are not well reported because of a lack of progress in data compilation. In the last decades, some satellite-based fine (∼1.0 degree) grid precipitation data have become available (Huffmann et al, 2001 ) and used for validation of high resolution models. However, arid/semi-arid regions are one of the most difficult places for satellite-remote sensing technique to estimate precipitation. Moreover, satellite products are not sufficient for evaluating extreme events, and they have not been archived for a long-term data yet.
For examining the impact of climate changes on terrestrial hydrological resources, rain-gauge based grid monthly precipitation data sets on 0.5 degree grid, such as New et al. (1999) and Chen et al. (2001) are widely used. However, daily grid precipitation data set have not been developed over the Middle-East region and are not at a resolution more useful for high impact studies. Xie et al. (2007) recently developed a daily grid precipitation data set for East Asia on the basis of a new algorithm and rain gauge-based daily precipitation data. We use this algorithm as a basis for the analysis of daily precipitation over the Middle East region. In Sect. 2 we present the individual gauge data sets and the objective interpolation technique used for our analysis and difference between this analysis and Xie et al. (2007) 6. Compute analysis field of the ratio of daily observation to daily climatology (5) for the target day 7. Calculate the daily precipitation by multiplying the daily climatology (5) by the daily ratio (6).
The above algorithm steps differ from those of Xie et al. (2007) in the following two points. First, Xie et al. (2007) employed Parameter-elevation regressions on Independent Slopes Model (PRISM) monthly precipitation climatology created by Daly et al. (1994) for China and Mongolia in step 5. Second, we used the Shepard (1968) algorithm for interpolation in step 6, whereas Xie et al. (2007) used optimum interpolation (OI) technique (Gandin, 1965) in step 6.
We consider expressing the possible effects of orography on precipitation by interpolating the daily ratio field separately from the mean field. Dai et al. (1997) argued that defining monthly precipitation by adding the interpolated anomaly of monthly mean climatology to climatology is better than directly interpolating the total precipitation, because some of the spatial variation of total precipitation is associated with local topography and is thus steady. Hence it is said that the orographic effect is implicitly considered in such a method. Further, such a strategy to interpolate anomalies has an advantage that the climatological pattern is reproduced even when some of data is missing in each month. New et al. (1999) and Chen et al. (2002) chose the anomaly (or ratio) of monthly precipitation to the monthly climatology as their interpolation quantity.
Besides, we must consider that the gauge stations are sparsely distributed in higher elevation, which attributes to a possible underestimation of precipitation. The above implicit approach (interpolate of anomaly or ratio to the station climatology) will not correct such biases. PRISM defines monthly precipitation climatology through locally established empirical relationships between rainfall and elevation (Daly et al., 1994) and Xie et al. (2007) simply used PRISM (China and Mongolia) to reproduce orographic effect explicitly in step 2. However, PRISM or PRISM-type climatological dataset is not currently available for the Middle East, although a dynamical 2-D model for orographic rainfall was proposed by Alpert and Shafir (1989) . Xie et al. (2007) used the monthly climatology of Chen et al. (2002) outside China and Mongolia where the PRISM is not available, because 1) interpolation of observations from a dense net-work yields spatial distributions that better represent orographic effects even it is implicit way, and 2) the monthly precipitation data were more reliable because local meteorological agencies check them carefully. Sometimes we could not distinguish between missing data and 0 mm of rainfall in the daily precipitation data set, especially those are derived from global tele-communication system (GTS).
We took the same strategy in this Middle East analysis. We processed more rain gauge stations over Iran for monthly precipitation data set than that of daily precipitation data set as described in the next section. The original daily data from Turkey was recorded only the day of precipitation observed that means, we sometimes could not make out whether it was 0mm precipitation or missing of observation. Daily data outside of Turkey and Israel were from GTS, so that it was based on real-time archive data base. Hence, we performed step 5, and then adjusted the daily precipitation climatology by monthly precipitation climatology, so that the seasonal pattern of daily climatology is determined by (3) and total magnitude of monthly precipitation is retained with (1).
Gauge data
It is undoubtedly very important to collect rain gauge data from as many stations as possible to create a gauge-based analysis data set. To create the monthly precipitation climatology (step 1) and the daily precipitation climatology analysis (step 3), we collected monthly and daily precipitation data using the following data sources in the domain 15
Monthly precipitation
We obtained monthly precipitation data from a total of 1222 stations. , 1985) datasets. In their analysis, the climatology (climate normal) was computed from stations with at least 5 years of observation records within a 40-year data base for 1951-1990.
Daily precipitation
We used daily precipitation data from a total of 1394 stations. The total number is more than that of monthly precipitation data sets; because we used stations of GTS even when they have not relatively long records to define climatology.
Turkey
We used daily precipitation data from 338 stations with observation records covering at least 20 years, compiled by the Turkish State Meteorological Service.
Global Telecommunication System (GTS)
We used GTS data from stations with 5 or more years of records during 1978-2004 in the data domain (15 • E-70 • E; 15 • N-55 • N), except Turkey.
Analysis and comparison with other data sets
As indicated in Sect. 2.1, we first defined the monthly climate normal by using the data from 1222 stations. Then, we analyzed the climate normal using the algorithm of Shepard (1968) to interpolate the values into 0.05 • grid squares. Figure 1 shows January precipitation climatology for a 0.5 • grid. We defined monthly climatology in step 2) on 0.05 • grid, but for display purpose to make the lower panel of Fig. 1 shows station availability. Compared with the previous analysis version (Yatagai, 2005) , mountain precipitation over the western Zagros Mountains now appears as a result of the addition of the Iranian data. Figure 2 shows February precipitation climatology of this analysis (0.05 degree grid, step 2) and 10 minutes precipitation climatology by Climate Research Unit (CRU) of University of East Anglia. The CRU precipitation climatology showed a similar pattern with that of ours, but precipitation along the western slop of Zagros Mountains in Iran is not clear compared to that of our analysis. Also, a precipitation zone south of the Caspian Sea can be clearly observed in our analysis.
As described in the previous section, we adjusted the monthly total amount of daily precipitation climatology (step 4) by the monthly precipitation climatology (step 2). An example of the adjusted daily precipitation climatology (step 5) as well as that of before adjustment (step 4) is shown in Fig. 3 . The middle panel of Fig. 3 (step 4) shows daily climatology of day 306 (1 November for a leap year) and that of bottom panel shows the station availability of the daily data sets. By adjusting this daily climatology with monthly climatology with station network shown in Fig. 1 (step 2) , the pattern adjusted precipitation climatology (top panel) shows enhanced precipitation zones over the south of Caspian Sea and along the Zagros Mountains. The improvement of both regions in terms of expressing precipitation zones are attributed from dense network of Iranian monthly data.
Patterns of orographically induced precipitation over eastern Anatolia and the coastal areas of Turkey and Israel are shown. October and November are important months for rain-fed agriculture in Turkey and Israel because they are the beginning of the rainy season. A crescent-shaped precipitation zone is observed along the Jordan Valley northward through northwestern Syria into southeastern Turkey (Anatolia), then eastward through northern Iraq, and finally southeastward along the western side of the Zagros Mountains in western Iran. The pattern is shifted a little northward into Anatolia and eastward into Iran compared with the ancient region known as the "Fertile Crescent" (Bellwood, 2004) . In particular, the modern high-precipitation zone is at a higher elevation than the ancient ruins on the Fertile Crescent were.
Step 5
Step 4 Observations as well as models clearly show that orographically induced precipitation in Anatolia and the Zagros Mountains is a very important water resource in the Fertile Crescent region.
After defining the daily climatology (step 5), we calculated the ratio of the daily observed precipitation at each station to the corresponding daily grid climatology for the target day. Figure 4 shows an analysis (step 7) of the precipitation on 21 January 2000. Since we used the original daily observation data, the time interval of a day may differ from country to country. For example, in case of Israel, a record of 21 January means precipitation observed between 02:00 UTC of 20 January to 02:00 UTC of 21 January. Compared with the Global Precipitation Climatology Project 1 degree daily (GPCP1DD) data (Huffman et al., 2001) (Fig. 4 , middle and lower diagram), patterns of heavy precipitation along the eastern Mediterranean coast, the northern part of Turkey and in southeastern Anatolia are clearly displayed.
Step 7 The daily grid values represented extreme events better than that of satellite one. The GPCP1DD is made of Infrared (IR) satellite images, and precipitation is estimated from the cloud top temperature.
Since the analysis used a 0.05 • grid, a detailed pattern is seen where rain gauge data are available. Figure 5 (step 7) shows an enlarged view of the Chukurova basin in south central Turkey. Although the monthly climatology aided the interpolation, in this analysis we could not reproduce an orographic effect where no daily rain gauge data or climatological data were available. Only a few stations are situated in the upper reaches of the Ceyhan and Seyhan rivers, which flow into this basin.
Step 7 Figure 5 . A sample daily analysis for 5 January 2000 for the Chukurova basin lower panel shows the number of gauges in each 0.05° grid square. 
Concluding remarks
We conducted a gauge-based analysis of daily precipitation for the East Mediterranean (data domain, 15 • E-70 • E; 15 • N-55 • N). Monthly long-term precipitation data from 1222 stations including 337 Iranian stations, and daily precipitation data from 1394 stations within the domain were analyzed according to the method described by Xie et al. (2007) . The rain gauge analysis showed the characteristics of the orographic precipitation pattern very well, and the daily grid values represented extreme events well.
Efforts to develop a PRISM-type monthly climatology data set by using Geographic Information System (GIS) data and satellite products are under way and results are expected in the near future. Here we showed an example of how our method works, especially for the technique to use monthly climatology to adjust daily climatology. The same improvements and performance were observed for other seasons over the same region. This was also true for the East Asia analysis (Xie et al., 2007) over South Asia as well as China where PRISM was available. However, we need to further check the quality of the data and performance of our method when/where we have denser GTS data compared to off-line monthly precipitation data archive.
We have an advantage of making dataset on a 0.05 • grid as an intermediate product. So that we can easily regrid from this fine-resolution interval to other grid intervals as needed. For example, we used our climatology product to validate the MRI's 20-km mesh GCM simulation result by interpolating the product onto the model grid (Yatagai et al., , 2006 Kitoh et al., 2008) . Applications of this data set are reported in other places.
Recently, many retrieval algorithms using both IR and microwave images have been proposed, however, precipitation retrieval over the arid/semi-arid regions is one of the most difficult places in the world. Hence, this rain-gauge-based grid precipitation dataset should be very important for validating satellite products as well as for hydro-meteorological studies.
